Innate immunity provides the first line of defence against invading pathogens and provides important cues for the development of adaptive immunity. Type-2 immunity-responsible for protective immune responses to helminth parasites 1,2 and the underlying cause of the pathogenesis of allergic asthma 3, 4 -consists of responses dominated by the cardinal type-2 cytokines interleukin (IL)4, IL5 and IL13 (ref. 5) . T cells are an important source of these cytokines in adaptive immune responses, but the innate cell sources remain to be comprehensively determined. Here, through the use of novel Il13-eGFP reporter mice, we present the identification and functional characterization of a new innate type-2 immune effector leukocyte that we have named the nuocyte. Nuocytes expand in vivo in response to the type-2-inducing cytokines IL25 and IL33, and represent the predominant early source of IL13 during helminth infection with Nippostrongylus brasiliensis. In the combined absence of IL25 and IL33 signalling, nuocytes fail to expand, resulting in a severe defect in worm expulsion that is rescued by the adoptive transfer of in vitro cultured wild-type, but not IL13-deficient, nuocytes. Thus, nuocytes represent a critically important innate effector cell in type-2 immunity.
Type-2 immunity evolved to respond to parasitic helminth infections, with type-2 cytokines orchestrating eosinophilia, goblet cell hyperplasia, mucus secretion, and IgE production [5] [6] [7] . These highly complex host responses involve the coordination of innate and adaptive immune cell types. Of the defined innate immune cells, basophils, eosinophils and mast cells are known sources of type-2 cytokines, but it is not clear whether they are essential for N. brasiliensis expulsion 5, [8] [9] [10] [11] [12] .
To identify new cell types that may mediate type-2 immunity we investigated the cellular sources of IL13, a critical cytokine in the host response to helminth infection 7, 13 and allergy 6, 14 . To allow live imaging of enhanced green fluorescent protein (eGFP) as a surrogate for IL13 gene expression during the induction of type-2 responses we generated Il13-eGFP mice ( Supplementary Fig. 1 ). Analysis of these mice showed very few constitutive eGFP 1 cells in naive mice ( Supplementary Fig. 1 ). Administration of IL25 or IL33 to Il13-eGFP mice resulted in the detection of ,3% eGFP 1 cells in the mesenteric lymph nodes (MLNs) ( Fig. 1a ), at least 80% of which could not be assigned to known cell lineages (including T cells, B cells, natural killer T (NKT) cells, natural killer (NK) cells, dendritic cells, neutrophils, eosinophils, mast cells, basophils or macrophages) using a spectrum of cell surface markers (Fig. 1a, b and Supplementary Fig. 2a ). Immunofluorescence showed highly increased numbers of eGFP 1 cells in the intestines ( Fig. 1c ) and spleens ( Supplementary Fig. 2b ) of both IL25-and IL33-treated Il13-eGFP mice, and these were confirmed to be non-T cells. The *These authors contributed equally to this work. 10 10 1 10 2 10 3 10 4 10 10 1 10 2 10 3 10 4 10 10 1 10 2 10 3 10 4 10 10 1 10 2 10 3 10 4 10 10 1 10 2 10 3 10 4 lineage 2 eGFP 1 cells were T1/ST2 1 (IL1RL1, a subunit of IL33R) and IL17BR 1 (also known as IL17RB and IL25R) ( Fig. 1b ), suggesting that they respond to IL33 and IL25 directly. Analysis of Il17br 2/2 ( Supplementary Fig. 3 ) and Il1rl1 2/2 mice demonstrated that exogenous IL25 and IL33 act redundantly to induce these cells in vivo ( Fig. 1d ). These lineage 2 eGFP 1 T1/ST2 1 IL17BR 1 cells represent a new IL13producing leukocyte population that we have named nuocytes owing to their high level of IL13 expression, and with nu being the 13th letter of the Greek alphabet. As discussed later, nuocytes can also be defined as lineage 2 cells expressing ICOS, T1/ST2, IL17BR and IL7Ra. Although present in the spleen, MLNs and bone marrow of naive mice, nuocytes represent less than 0.2% of cells in each tissue, but increase significantly in these tissues ( Supplementary Fig. 4) , with the exception of bone marrow (data not shown), after intraperitoneal administration of IL25. In contrast, basophil numbers did not increase in the blood or spleen, and their IL4 production was unaffected by IL25 treatment (data not shown). Confirming that nuocytes were not T or B cells, mast cells, NKT cells or lymphoid tissue inducer cells, we detected IL25-driven nuocyte induction in Rag2 2/2 mice and nude mice, Kit W-sh/W-sh mice, Ja18 2/2 (also known as Tcra-J 2/2 ) mice and Rorc 2/2 (also known as Rorc 2/2 ) mice, respectively ( Supplementary  Fig. 5a -d and data not shown). Furthermore, microarray analysis of highly purified nuocytes failed to show any significant gene expression similarity to known leukocyte lineages ( Fig. 1e ). However, it did show several cell surface markers ( Supplementary Table 1 ), including the receptor for IL7 and the co-stimulatory molecule ICOS and major histocompatibility complex (MHC) class II, which were subsequently confirmed as being expressed on nuocytes by flow cytometry (Supplementary Fig. 2c ).
Notably, nuocytes represent the predominant cell type expressing Il13-eGFP at 5 days post-infection (d.p.i.) with the helminth parasite N. brasiliensis ( Fig. 2a and Supplementary Fig. 2d ). To investigate the potential roles of IL25 and IL33 in regulating nuocytes during helminth infection we infected Il17br 2/2 , Il1rl1 2/2 and combined Il17br 2/2 Il1rl1 2/2 mice with N. brasiliensis. Il17br 2/2 mice expelled their worms more slowly than wild types, but by day 14 even Il17br 2/2 mice had relatively few worms and a complete absence of worms by 20 d.p.i. (Fig. 2b) . By contrast, Il1rl1 2/2 mice efficiently expelled their worm burden, with very few worms present at day 11 and complete absence by day 14 (Fig. 2b) . Notably, the absence of both IL25 and IL33 signalling severely impaired worm expulsion from the Il17br 2/2 Il1rl1 2/2 mice, with significant worm burden persisting to 20 d.p.i. (Fig. 2b ). Using Il17br 2/2 Il13-eGFP and Il1rl1 2/2 Il13-eGFP mice we found that the loss of either IL17BR or T1/ST2 resulted in a substantial fall in the numbers of eGFP 1 cells early in the response (Fig. 2c) . Notably, the expansion of nuocytes in the various mouse strains correlated with the onset of worm expulsion. Thus, nuocytes arose more rapidly in Il1rl1 2/2 mice (although more slowly than in wild-type controls) than in Il17br 2/2 mice. Nuocytes failed to expand in the combined Il17br 2/2 Il1rl1 2/2 mice in either the MLNs (Fig. 2d Fig. 6a ), even at 20 d.p.i. Although eosinophils and IgE levels were also reduced in the Il17br 2/2 , Il1rl1 2/2 and Il17br 2/2 Il1rl1 2/2 mice ( Supplementary Fig. 6b , c), these have been shown by others to not be essential for worm expulsion 5, 15 . In addition, we found no defect in basophil expansion in the Il17br 2/2 mice (data not shown and Supplementary Fig. 7b ).
To address the functional importance of nuocytes in the immune response to helminth infection, we purified nuocytes to homogeneity ( Fig. 3a) and determined conditions for their expansion in vitro. Nuocytes did not grow or differentiate in culture with a cytokine cocktail used previously to differentiate a basophil/mast cell progenitor in vitro 16 (Fig. 3b) , or under conditions that readily generate mast cells from total bone marrow 17 (data not shown). By contrast, the inclusion of IL33 and IL7 in the cultures induced substantial nuocyte expansion (Fig. 3b ). The addition of IL25 to IL33 plus IL7 culture conditions did not change the growth rate of nuocytes (Fig. 3b) .
The cultured nuocytes maintained the expression of most cell surface markers, including high levels of CD45 (data not shown), ICOS, T1/ST2, IL17BR and IL7Ra ( Supplementary Fig. 8 ), and did not differentiate into any of the currently known leukocyte lineages even after 15 days in culture ( Fig. 1e and data not shown) . All nuocytes expressed IL13, with more than 70% also secreting IL5, although less than 5% produced IL4 (Fig. 3c ). Analyses of nuocyte culture supernatants also showed the substantial secretion of IL6, IL10 and GM-CSF ( Supplementary Fig. 9 ).
Notably, adoptive transfer of nuocytes into Il17br 2/2 mice reestablished many of the features of IL25-evoked type-2 immune responses (Fig. 3d, e ) that are normally absent in these mice ( Supplementary Fig. 3e-g) . Crucially, the adoptive transfer of nuocytes did not induce any spontaneous inflammation in Il17br 2/2 recipients but restored their ability to respond to subsequent IL25 administration (Fig. 3d, e ). Cellular infiltrate of the peritoneal lavage, characterized by eosinophilia (Fig. 3d) , and intestinal goblet cell hypertrophy and hyperplasia, were restored in Il17br 2/2 mice that received nuocytes, as compared to controls (Fig. 3e) .
To investigate whether nuocytes have a critical role in coordinating immunity to helminth infection, we sought to restore protective immunity to Il17br 2/2 mice in response to N. brasiliensis through the adoptive transfer of wild-type (IL25-responsive) nuocytes. Four days after infection, all infected animals had equivalent intestinal worm burdens (Fig. 4a) , demonstrating that the transfer of nuocytes did not prevent the establishment of infection. Notably, most of the infected Il17br 2/2 animals that received nuocytes had completely expelled their worms by 11 d.p.i., similar to wild-type controls (Fig. 4a ). This contrasted with the Il17br 2/2 mice that had not received nuocytes, and had burdens of greater than 50 worms at the same time point (Fig. 4a ). The transfer of nuocytes also restored the numbers of nuocytes in the tissues at 11 d.p.i. (Fig. 4b) , and restored the early eosinophil response at 6 d.p.i., but did not appreciably alter the levels of basophils at this time point ( Supplementary  Fig. 7a, b ). Furthermore, adoptive transfer of wild-type nuocytes into the combined Il17br 2/2 Il1rl1 2/2 mice also resulted in the restoration of N. brasiliensis expulsion (Fig. 4c) .
We have shown previously that IL13, among the type-2 cytokines, is essential for the rapid eradication of N. brasiliensis 13, 18 . By transferring wild-type nuocytes into Il4 2/2 Il13 2/2 mice, we now show that even when nuocytes are the only IL13-secreting cells, they are capable of inducing worm expulsion (Fig. 4d) . To test the importance of nuocyte-derived IL13 on the kinetics of N. brasiliensis expulsion further, nuocytes were prepared from Il13 2/2 animals and transferred into N. brasiliensis-infected Il17br 2/2 animals. In contrast to the wild-type nuocytes, IL13-deficient nuocytes failed to mediate worm expulsion, with mice continuing to contain high numbers of intestinal worms at 11 d.p.i. (Fig. 4e) .
In vitro antigen re-stimulation of MLN cells from N. brasiliensisinfected Il17br 2/2 mice showed delayed T-cell-derived IL13 secretion that was absent at 4 d.p.i. However, the continuing presence of intestinal worms and the resulting antigen burden led to a robust cytokine response by 11 d.p.i. (Fig. 4f) , as reported previously 19 . We also observed fewer IL13-eGFP 1 T cells in both Il1rl1 2/2 mice and Il17br 2/2 mice at 5 d.p.i. (data not shown). However, after adoptive transfer of wild-type or Il13 2/2 nuocytes into Il17br 2/2 mice, antigenspecific T-cell production of IL13 was restored (Fig. 4f ). As expected, because Il13 2/2 nuocytes failed to induce worm expulsion, the duration of antigen-specific T-cell responses was prolonged (Fig. 4f) . Thus, nuocytes are capable of enhancing T-cell cytokine production, and nuocytes augment T-cell responses independently of IL13.
Expulsion of N. brasiliensis is a T-cell-dependent process, but neither T-cell-derived IL4 or IL13 is necessary for worm expulsion 15 , indicating that an alternative cell source is responsible for the production of the IL13 necessary for worm expulsion. It was not surprising then that nuocytes were unable to induce worm expulsion in Rag2 2/2 mice (Fig. 4g ). However, analysis of nuocyte numbers in the MLNs of N. brasiliensis-infected Rag2 2/2 mice showed that, despite rapid early nuocyte expansion by 4 d.p.i. (Fig. 4h) , nuocyte numbers were not maintained in the absence of T cells, falling to uninfected levels as assessed on 6 and 11 d.p.i. (Fig. 4h ), despite the continued presence of intestinal worms (Fig. 4g ). This suggests that T cells (or possibly B cells, although B cells have been shown to be dispensable for worm expulsion 15 ) mediate prolonged nuocyte expansion, migration or survival through an as yet unknown mechanism that requires further investigation. Our data demonstrate that a dialogue exists between T cells and nuocytes, and that this is necessary for robust N. brasiliensis expulsion.
Thus, nuocytes clearly provide a critical effector mechanism, through their provision of the IL13 required to induce helminth expulsion. The ability of nuocytes to expand rapidly in response to two potent initiators of type-2 immunity (IL25 and IL33), and in response to helminth infection, their presence at several immunosurveillance sites around the body, their capacity to secrete high levels of IL13 and IL5, and their ability to enhance T-cell responses, shows them to be highly specialized type-2 regulatory cells. The characterization of nuocytes will now allow assessment of their roles in other immune responses and disease pathologies including allergic asthma.
METHODS SUMMARY
Adoptive transfers. Purified nuocytes were cultured for 2-5 days in RPMI supplemented with 10 ng ml 21 IL33 and 10 ng ml 21 IL7. Cells were washed and injected intravenously in PBS by the tail vein at 0.5 3 10 6 cells per mouse. Adoptive transfer was performed 4 h after infection with N. brasiliensis, or 12 h before the first intraperitoneal cytokine administration of IL25.
